Photophysiological variability and its influence on primary production were studied in the NW Africa-Canary Islands coastal transition zone. The region showed strong mesoscale activity, in which upwelling filaments and island eddies interacted to cause significant vertical displacements of the deep chlorophyll maximum (DCM). 3
Introduction
Mesoscale structures such as fronts, filaments and eddies in the surface layer of the ocean affect phytoplankton distribution and, consequently, influence carbon fixation and the fate of the organic material produced. Thus, dispersion is largely reduced in fronts, where cells accumulate and the phytoplankton community is restructured splitting populations in space (Pingree et al., 1975) . Filaments also reorganize the spatial distributions in coastal upwelling systems while transporting plankton populations from the shelf to the nearby oligotrophic ocean (Joint et al., 2001; Arístegui et al., 2004) . Large vertical displacements are among the most obvious effects imposed by eddies on phytoplankton in the stratified oligotrophic ocean (Basterretxea et al., 2002; Brown et al., 2008) . Cyclonic eddies can uplift the thermocline and the associated deep chlorophyll maximum (DCM) to a light level where photosynthesis is neither light nor nutrient limited and phytoplankton growth is stimulated (Falkowski et al., 1991; Arístegui et al., 1997; McGillicuddy et al., 1998) , whereas the DCM can be moved below the photic layer in anticyclonic eddies (McGillicuddy et al., 1998; Basterretxea et al., 2002) . While the influence of cyclonic eddies on phytoplankton (Arístegui et al., 1997; Vaillancourt et al., 2003; Brown et al., 2008) and primary production (Falkowski et al., 1991; McGillicuddy et al., 1998; McAndrew et al., 2008) has been widely documented; the effect of anticyclonic eddies on phytoplankton photosynthesis still needs to be typified. Therefore, it is important to know the photophysiological response of phytoplankton in these mesoscale structures for improving estimates of primary production and better characterise carbon fluxes in oceanic regions with strong eddy influence.
The NW Africa-Canary Islands coastal transition zone is a region with intense mesoscale activity where eddies are ubiquitous (Barton et al., 1998; . In addition to the variability imposed by upwelling on the African shelf from where filaments develop and progress (Barton et al., 2004) , the Canary Islands generate another type of variability. The archipelago perturbs the flow of both the Canary Current and the Trade winds (Arístegui et al. 1994; Barton et al., 1998; Sangrà et al., 2009 ), leading to the formation of eddies that are shed downstream from the islands. The perturbation of the Canary Current seems to be the main source for eddy generation, since eddies have been observed in the region even in winter, when wind intensity is very low (Arístegui et al., 1994; Rodríguez et al. 1999; Piedeleu et al., 2009) . Consequently, the region represents a continuous source of eddies that can remain as coherent structures for several months (Sangrà et al., 2005 (Sangrà et al., , 2007 while they are propagated westward ).
Although cyclones and anticyclones are detached from all islands, anticyclones shed from Gran Canaria and Tenerife persists longer, probably due to higher initial intensity and later interaction with other eddies ).
The goal of this study was to look at the effects that convergent and divergent processes associated with eddies and filaments have on photophysiological activity of phytoplankton and in turn on primary production. Particularly, we aimed at understanding the effect that light has on the photosynthetic efficiency of phytoplankton forming deep chlorophyll maxima in oligotrophic environments, across the NW AfricaCanary Islands coastal transition zone. Carbon fixation in these chlorophyll maxima accounts for an important fraction of the total water column integrated primary production (e.g. Lorenzo et al. 2004 ), but these maxima are usually found at the bottom of the euphotic zone coinciding with the nutricline (Cullen, 2015) . Therefore, it is hypothesised that light is the main environmental factor regulating carbon fixation in these environments.
Materials and methods

Sampling
The NW Africa-Canary Islands costal transition zone was visited from 5 to 27
August 1999 on board the R/V Hesperides (Fig. 1) . Sampling began at the station located northwest of the island of La Palma and continued along the long line that ended in front of Cape Juby on the African coast. Then, several sections crossing the filaments and eddies present in the transition zone were sampled. Note that structures seen in the image of Fig. 1 do not necessarily coincide in position with those sampled at the stations because the eddy field evolved significantly during the 3-week cruise.
Vertical profiles of temperature, salinity and fluorescence were recorded with a Neil
Brown Mk III conductivity-temperature-depth (CTD) probe and a Sea-Tech fluorometer mounted on a General Oceanics rosette equipped with twenty four 12 L PVC Niskin bottles. Biological and bio-optical variables were determined at 31 stations throughout the sampling area ( Fig. 1) . At these stations, samples were taken from the CTD upcasts to determine nitrate and chlorophyll a (chl a) concentrations and characterise the photophysiological performance of phytoplankton community. Phytoplankton biomass was determined at several of these stations. Sampling depths were selected after inspecting the downward profiles of fluorescence. Nitrate and chl a concentrations were determined at 6-7 depths distributed from surface to bottom in the water column at the stations on the African shelf and from surface to 200 m at the oceanic stations.
Phytoplankton biomass was estimated at 4-6 depths with similar distribution in the water column whereas photophysiological variables (phytoplankton absorption coefficients and photosynthetic variables) were determined at 3-5 depths within the photic layer. These depths were selected after inspecting the fluorescence profiles.
The spectral light field at sea surface and in the water column was determined at these biological stations with a Licor Li-1800UW following the procedure described by Lorenzo et al. (2004) . This approach allows estimation of the transmittance at the airsea interface and the scalar spectral irradiance at each hour and depth in the water column.
Nitrate and chlorophyll
Seawater samples for nitrate determinations were preserved frozen at -20º C in polyethylene bottles until their analysis in the shore laboratory. Nitrate concentrations (µM) were determined by segmented flow analysis following the JGOFS recommendations (UNESCO, 1994).
For chl a, seawater volumes of 500 ml were filtered through 25 mm Whatman GF/F filters using low vacuum. The filters were frozen at -20 ºC before pigments were extracted on board in 90% acetone for 24 h in the dark at 4 ºC. Chl a concentrations (mg m -3 ) were estimated by fluorometry in a Turner Designs fluorometer calibrated with pure chl a (Sigma Chemical). These estimates were also used to calibrate the voltage readings of the Sea Tech fluorometer fitted to the CTD.
Phytoplankton biomass
Samples of 100 ml preserved in Lugol's iodine were sedimented in composite sedimentation chambers and observed with an inverted microscope to identify and enumerate large phytoplankton (> 20 µm). The smaller species were enumerated from two transects scanned at 400x and 200x, while the whole slide was scanned at 100x to count the larger species. Phototrophic species of dinoflagellates and ciliates were differentiated following Lessard and Swift (1986) and also using our historical records of epifluorescence microscopy of fresh samples which allow us to distinguish species containing chloroplasts. All organisms with chloroplasts were assumed to be phototrophic. Biovolumes were estimated following Hillebrand et al. (1999) and cell carbon was calculated according to Menden-Deuer and Lessard (2000) .
Epifluorescence microscopy was used to identify autotrophic nanoplankton (2-20µm) in samples of 20 ml that were fixed immediately after collection with glutaraldehyde (0.3% final concentration). After 30 min in the dark, these samples were filtered through 0.2 µm black polycarbonate membrane filters placed on top of GF/C backing filters.
Excitation with blue light was used to enumerate pigmented nanoplankton that was identified by red autofluorescence. Cell volumes were estimated after taking dimensions and assuming a spherical shape or by approximation to the nearest geometrical shape (Hillebrand et al., 1999) . Cell carbon was estimated according to Verity et al. (1992) for autotrophic nanoflagellates and Menden-Deuer and Lessard (2000) for small (<20 µm) naked dinoflagellates.
Prochlorococcus and Synechococcus type cyanobacteria and pigmented picoeukaryotes were counted by flow cytometry (FACScalibur flow cytometer) in samples of 4 ml fixed with 2% final concentration of formaldehyde. Samples were run at medium or high speed until 10,000 events were captured. The identification of these 3 groups was done by analysis of multiple bivariate scatter plots of red and orange fluorescence and side scatter. A suspension of yellow-green 1 µm latex beads (Polysciencies, Inc.) was used as internal standard to calculate cell abundances. The bead solution was checked daily through epifluorescence microscopy. Prochlorococcus were transformed to biomass assuming a conversion factor of 22 fg C cell -1 (Christian and Karl, 1994; Zubkov et al., 2000) , while the factor used to estimate Synechococcus biomass was of 250 fg C cell -1 (Kana and Gilbert, 1987; Li et al., 1992) . Picoeukaryote abundances were converted to biomass using a factor of 2100 fg C cell -1 (Campbell et al., 1997) .
Photophysiological variables and primary production
Phytoplankton light absorption coefficients ( , m -1 ) were determined according to Arbones et al. (1996) . Between 1 and 4 L of seawater were filtered through 25 mm
Whatman GF/F filters to determine the optical density spectra (400-750 nm) of concentrated particles at 1 nm bandwidth with a spectrophotometer using a filter moistened with filtered seawater as a blank. The optical density of non-algal material was determined on the same filter after pigment extraction following Kishino et al. (1985) . Absorbance at 750 nm was subtracted from all other wavelengths in the spectra before correcting the pathlength amplification according to Arbones et al. (1996) .
Photosynthesis-irradiance (P-E) experiments, from which photosynthetic variables were estimated, were carried out in linear incubators refrigerated with thermostatic baths (Arbones et al., 2000) . Each incubator housed 14 subsamples collected in 75 ml
Corning tissue culture flasks that were inoculated with 3.70 x 10 5 Bq (10 Ci) of NaH 14 CO 3 . The bottle at the end of the incubator was covered with aluminium foil for checking dark carbon fixation. After 2 hours of incubation, samples were filtered under low vacuum through 25 mm Whatman GF/F filters which were then exposed to HCl fumes for 12h to eliminate unincorporated inorganic 14 C. The incorporated radioactivity (dpm) was estimated in a liquid scintillator counter using the external standard and the channel ratio methods to correct for quenching.
The photosynthetic active radiation (PAR) at each position in the incubator was checked regularly with a Li-Cor cosine sensor LI-190SA allowing for incident irradiance on the front side of the incubator >1000 µmol quanta m -2 s -1 for surface samples and <400 µmol quanta m -2 s -1 for the deepest samples. As the spectral quality of the incident light did not change along these short incubators (Arbones et al., 2000) , the spectral irradiance at each position in the incubators was estimated multiplying the corresponding PAR irradiance by the normalized spectrum of the source tungstenhalogen lamps (Figueiras et al., 1999; Arbones et al., 2000) : (1) where is the lamp spectrum.
The photosynthetically active radiation absorbed by phytoplankton ( , µmol quanta m -3 s -1 ) at each location in the incubators is:
When photoinhibition was not observed the data were fitted to:
to estimate the light-saturated rate of photosynthesis (mg C (mg chl a)
) and the light-limited slope of the P-E curve (mg C (mg chl a)
With photoinhibition the data were fitted to:
where is the light-saturated rate of photosynthesis in the absence of photoinhibition
) for the light absorbed by phytoplankton. For these cases with photoinhibition was estimated when (Platt et al. 1980 ).
The maximum quantum yield for carbon fixation ( , mol C fixed (mol quanta absorbed) -1 ) was estimated as: (5) where 43.29 is a factor converting units of : mg of C to moles, µmol quanta to moles and hours to seconds.
The broadband light-limited slope of the P-E curves (mg C (mg chl a)
where (m -1 ) is the mean absorption coefficient of phytoplankton weighted by the spectral distribution of the light in the incubators:
The light saturation parameter for photosynthetic active radiation (µmol quanta
Vertical profiles of chl a concentration and light absorbed by phytoplankton deduced from hourly spectral light field and phytoplankton absorption coefficients were used in Eqs. (3) and (4) to estimate integrated primary production (PP, g C m -2 d -1 ). Integration was done at hour intervals and 1 m steps from sea surface down to 0.1% surface irradiance.
Results and discussion
Hydrographic variability
The sea surface, as revealed by satellite imagery (Fig. 1) , showed the high mesoscale variability that has been repeatedly reported for the region (Barton et al., 1998; Basterretxea and Arístegui, 2000; Sangrà et al., 2009; Benítez-Barrios et al., 2011) , where coastal upwelling, filaments and cyclonic and anticyclonic eddies are among the most visible features. Eddies south of the islands were deep and generated by a combined effect of Ekman pumping and topographic perturbation of the mean southward flow of the Canary Current (Arístegui et al., 1994 (Arístegui et al., , 1997 Barton et al., 2000; Sangrà et al., 2009; Benítez-Barrios et al., 2011) . In contrast, eddies near the upwelling frontal zone were shallower and probably formed by baroclinic instabilities in the upwelling jet (Benítez-Barrios et al., 2011) . This difference between the two type of eddies is seen clearly in the vertical profiles of temperature and chlorophyll fluorescence recorded for the long line sampled between the island of La Palma and Cape Juby on the African coast ( Fig. 2a and c) . Cyclonic and anticyclonic eddies near La Palma caused vertical excursions of almost 100 m in the thermocline and the deep chlorophyll maximum (DCM). However, vertical displacements were considerably smaller in eddies and filaments near the shelf. Minor uplifts of the thermocline and the DCM were also observed in other filaments ( Fig. 2b and d) . DCM uplifts caused by cyclones and filaments induced noticeable increases in chl a concentration ( Fig. 2c and   d ), a well-known situation for this (Arístegui et al., 1997; Basterretxea et al., 2002 ) and other regions affected by cyclonic eddies (Falkowski et al., 1991; Vaillancourt et al., 2003; Brown et al., 2008) . A much more detailed description of the hydrographic conditions found during this cruise was provided by Barton et al. (2004) .
Clustering stations
In terms of the vertical structure of the water column, the biological stations could be clustered into three groups that can be ranked according to an oligotrophic -eutrophic gradient (Fig. 3) . The first group is formed by oligotrophic stations, in both open ocean and anticyclonic eddies (O&A, Fig. 3a ). These stations showed very low nitrate levels in the stratified upper layer and a well-developed DCM located at a depth (78 ± 21 m) that was not significantly different (P = 0.2, t-test for two samples, n = 7) from the depth of the 1% of surface irradiance (91 ± 14 m). The second group includes transitional stations associated with filaments and cyclonic eddies (F&C, Fig. 3b ). In this group nitrate was not totally depleted in the photic layer and the mean depth of the DCM (44 ± 14 m) was significantly shallower (P < 0.001, t-test for two samples, n = 20) than the mean depth of 1% of surface irradiance (66 ± 17 m). The third group comprises 4 shelf stations that were affected by upwelling (Upw, Fig. 3c ). There was no well-defined DCM or subsurface chlorophyll maximum at these stations, instead chl a 13 was spread in the upper mixed layer, always within the photic zone. The locations of all these stations belonging to the three groups are given in Fig. 1 , where a coastal (eutrophic) -ocean (oligotrophic) gradient is evident, though one transitional station is found in the oligotrophic zone and two oligotrophic stations are situated in the transitional area.
Phytoplankton size-biomass distribution supports this grouping of stations (Fig. 4) following the identified coastal -ocean gradient. This is a gradient consistent with the classical view of dominance of small cells in stratified and nutrient-poor surface oceanic waters and dominance of large phytoplankton in nutrient-rich coastal waters (Ryther, 1969; Cushing, 1989) , which has been reported for other coastal upwelling systems (Lorenzo et al., 2005) . Thus, the low phytoplankton biomass with dominance of small forms (picophytoplankton representing 76 ± 8% and pico-plus nanophytoplankton accounting for 90 ± 4% of total phytoplankton biomass) that was measured in oligotrophic and anticyclonic stations (Fig. 4a) contrasts with the high phytoplankton biomass and dominance of large size classes (microphytoplankton accounting for 79 ± 6% of total phytoplankton biomass) recorded in shelf stations affected by upwelling (Fig. 4d) . In between we found transitional stations with high variability in phytoplankton size-biomass distribution. In this group there were stations with dominance of nano-and microphytoplankton (Fig. 4b) and stations with evident hegemony of picophytoplankton (Fig. 4c) . It has been suggested that the high level of mesoscale activity that commonly occurs in this transitional zone, where oligotrophic and upwelled waters meet, strongly modulates the patterns of phytoplankton biomass distribution and the community size-structure (Baltar et al., 2009; Anabalón et al., 2014) .
Photosynthetic performance
Photosynthetic variables in the three groups of stations showed vertical profiles ( Fig.   5 ) in which maximum carbon fixation rates ( ) and light saturation parameters ( ) decreased with depth while maximum quantum yields ( ) increased with depth.
However, the increase of with depth was not so evident at upwelling stations (Fig.   5c ), probably because nutrient limitation at the surface was not as severe as in the two other groups of stations (Fig. 3) . This resulted in relatively high values at the surface in upwelling stations. Low values in surface waters of stratified oligotrophic seas, like those shown in Fig. 5a , may be caused not only by the presence of a high fraction of non-photosynthetic pigments (photoprotective pigments) that do not channel the light absorbed by phytoplankton to photosynthesis, but also they can result from nutrient limitation induced by the low nutrient levels present in these environments Lorenzo et al., 2004) . In this respect it is to be noted that maximum quantum yields in the lower part of the photic layer (below 0.5Z eu ) were near the maximum value of 0.08 mol C fixed (mol quanta absorbed) -1 expected for environmental conditions with high nutrient concentrations (Lindley et al., 1995) . The pattern depicted in Fig. 5a , b for oligotrophic and transitional stations, with higher and values at the surface and higher values at the bottom of the photic layer, is usually found in stratified oligotrophic seas (Lorenzo et al., 2004) and has been interpreted as photoacclimation of phytoplankton to the irradiance field in a water column with enhanced nutrient availability at the bottom of the photic layer (Falkowski et al., 1980; Cullen et al., 1992 ).
Although we did not find any clear relationship between photosynthetic variables and phytoplankton size-structure, clear signals of photoadaptation and/or photoacclimation were revealed when photosynthetic variables were ordered according to the depth of the photic zone (Table 1 ; Fig. 6 ). At the surface there were differences in the four variables, with oligotrophic stations exhibiting lower , and and higher values than the other two groups (Table 1 , Fig. 6a ). At the other two depths differences basically occurred in , with oligotrophic stations displaying in general lower values; the exception was seen at the bottom of the photic layer where oligotrophic and filament stations had similar photosynthetic variables (Table 1 ; Fig 6b,c) . These P-E curves (Table 1 ; Fig. 6 ) are quite similar to the curves derived by Uitz et al. (2008) for micro-, nano-and picophytoplankton using a larger data set. Specifically the curve that these authors derived for picophytoplankton is very similar to the curve obtained here for oligotrophic waters at sea surface, where picophytoplankton dominated in the phytoplankton community.
Primary production: significance of the DCM in the oligotrophic environment
Integrated primary production (PP) showed a coastal-ocean gradient similar to that depicted by integrated chl a (Table 2) Integrated PP and integrated chl a were strongly correlated (Fig. 7) , which is not surprising because PP was estimated after including chl a in Eqs. (3) and (4). However, this correlation is not used here as an empirical relationship, instead it is used to explore which variables have the highest influence on primary production along this coastalocean (eutrophic-oligotrophic) gradient. Thus, it can be seen that the correlation between PP and integrated chl a dropped from significant values in the upwelling to insignificant in the oligotrophic stations (Fig. 7) . This suggests that in this environment some factor other than chlorophyll (phytoplankton biomass) was decisive for PP.
Variations in PP were directly linked in this oligotrophic environment to those in carbon fixation at the DCM (Fig. 8a) , which occupied a depth interval responsible for 36% of PP and where integrated primary production and integrated chl a concentration were not correlated (r 2 = 0.1, P = 0.49; n = 7); defining the DCM as the layer that showed a steady increase-decrease in chl a concentration above and below of the maximum chl a value of the water column. However, PP at these oligotrophic stations was negatively related to the depth of the 1% surface light level (Fig. 8b) , a type of relationship that has been previously reported for stratified waters in the Atlantic Ocean (Herbland and Voituriez, 1979) where the depth of the DCM and the depth of the nitracline coincide (Herbland and Voituriez, 1979; Lorenzo et al., 2004) . Considering these two relationships (Fig. 8a, b) and that the DCM and the 1% light level were located at roughly the same depth (Fig. 3a) , it can be inferred that light availability was the main factor controlling PP in this oligotrophic environment. According to the relationship in The reason for this strong influence of light on carbon fixation at the DCM of oligotrophic stations is that photosynthesis at these depths occurred at light levels near the light saturation parameter of the P-E relationships (Fig. 9a) . Consequently, a slight decrease in the light received by phytoplankton, caused by a downward displacement of the DCM, induces a substantial decrease in carbon fixation because of the high slope of the P-E relationships. Maximum quantum yields of carbon fixation recorded at the bottom of the photic layer in oligotrophic stations were close to the maximum possible value ( Table 1 ), indicating that the slope of the P-E relationships was the highest possible for phytoplankton inhabiting this environment. In contrast, an increase in the light received by phytoplankton due to an upward displacement of the DCM, should not have such high influence on chl a specific carbon fixation, because once the maximum photosynthetic rate is achieved further increases in irradiance have no effect on PP. In this case, increases in chl a specific carbon fixation should take place by photoacclimation or through shifts to phytoplankton communities with higher maximum photosynthetic rates, which are two processes that require time.
At the stations belonging to the other two groups (F&C and Upw), the range of the light intensity received by phytoplankton in the layer with maximum chl a concentration was greater and reached the region of maximum photosynthetic rate (Fig.   9b,c) . Moreover, in contrast to what happened in the O&A stations, carbon fixation at the depth of 1% of light in F&C and Upw stations was a minor part of the total integrated PP. Because of this, PP and integrated chl a at these stations were correlated (Fig. 7) while irradiance had negligible influence on carbon fixation. The similarity of the photosynthetic variables recorded at the Z eu of both O&A and F&C stations ( Table   1 ), suggests that initial increases in PP in filament and cyclones as response to water uplifts should occur through an increase in phytoplankton chlorophyll. This increase is favoured by the absence of light limitation of the photosynthetic response (Fig. 9b) under non nutrient-limiting conditions (Fig. 3b) . Later, photoacclimation and/or photoadaptation processes could lead to changes in photosynthetic variables (Table 1) and so induce additional PP increases.
These results show that, as expected, eddies induced considerable vertical displacements of the DCM in the Canary region. They also show that these vertical movements of the DCM should be taken into account when estimating and/or modelling primary production in the oligotrophic ocean because variations in the light received by phytoplankton cause significant increases and decreases in primary production. As the Canary region is an important eddy generation zone in which anticyclones dominate over cyclones , primary production can be significantly reduced, at least in the core of the eddies, where downwelling lowers the DCM to depths below light saturation levels for photosynthesis. Upw, upwelling stations).
0.36 ± 0.11 37 ± 4 F&C (n = 20) 0.82 ± 0.31 50 ± 17 Upw (n = 4) 2.50 ± 1.21 112 ± 36 Table 1 . 
